Recursive splicing is a process in which large introns are removed in multiple steps by re-splicing at ratchet points-59 splice sites recreated after splicing 1 . Recursive splicing was first identified in the Drosophila Ultrabithorax (Ubx) gene 1 and only three additional Drosophila genes have since been experimentally shown to undergo recursive splicing 2,3 . Here we identify 197 zero nucleotide exon ratchet points in 130 introns of 115 Drosophila genes from total RNA sequencing data generated from developmental time points, dissected tissues and cultured cells. The sequential nature of recursive splicing was confirmed by identification of lariat introns generated by splicing to and from the ratchet points. We also show that recursive splicing is a constitutive process, that depletion of U2AF inhibits recursive splicing, and that the sequence and function of ratchet points are evolutionarily conserved in Drosophila. Finally, we identify four recursively spliced human genes, one of which is also recursively spliced in Drosophila. Together, these results indicate that recursive splicing is commonly used in Drosophila, occurs in humans, and provides insight into the mechanisms by which some large introns are removed.
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Recursive splicing is a process in which large introns are removed in multiple steps by re-splicing at ratchet points-59 splice sites recreated after splicing 1 . Recursive splicing was first identified in the Drosophila Ultrabithorax (Ubx) gene 1 and only three additional Drosophila genes have since been experimentally shown to undergo recursive splicing 2,3 . Here we identify 197 zero nucleotide exon ratchet points in 130 introns of 115 Drosophila genes from total RNA sequencing data generated from developmental time points, dissected tissues and cultured cells. The sequential nature of recursive splicing was confirmed by identification of lariat introns generated by splicing to and from the ratchet points. We also show that recursive splicing is a constitutive process, that depletion of U2AF inhibits recursive splicing, and that the sequence and function of ratchet points are evolutionarily conserved in Drosophila. Finally, we identify four recursively spliced human genes, one of which is also recursively spliced in Drosophila. Together, these results indicate that recursive splicing is commonly used in Drosophila, occurs in humans, and provides insight into the mechanisms by which some large introns are removed.
Recursive splicing was first identified in the Drosophila melanogaster Ultrabithorax (Ubx) gene 1 . The 73-kb intron within Ubx contains two alternative microexons (mI and mII) that both contain the consensus 59 splice site sequence GTAAGA immediately downstream of the 39 splice sites. In addition, this intron contains a ratchet point, a zero nucleotide exon consisting of juxtaposed 39 and 59 splice sites. It has been shown 1 that rather than being removed in a single step, the 73-kb Ubx intron is removed in four steps in which the upstream constitutive exon is spliced to exon mI, and subsequently re-spliced to exon mII, the ratchet point, and finally the downstream constitutive exon. A previous genome-wide computational search for potential ratchet points conserved between D. melanogaster and D. pseudoobscura predicted 160 potential ratchet points in 124 introns of 106 genes 2 . Of these, only seven ratchet points in three genes (kuzbanian (kuz), outspread (osp) and frizzled (fz)) have been reported to be experimentally validated 2, 3 . We generated 10.9 billion uniquely mapped reads of rRNAdepleted, paired-end, strand-specific RNA sequence from 183 D. melanogaster individual RNA samples comprising 35 dissected tissue samples, 24 untreated and 11 ecdysone treated cell lines, 30 distinct developmental stages and males and females of four strains from the D. melanogaster Genetic Reference Panel 4 (Supplementary Table 1 ). The majority of these RNA samples were previously used to generate poly(A) 1 RNA sequence data 5, 6 . As the current libraries were prepared without poly(A) selection, they contain a mixture of mRNA, premRNA and nascent RNA. Co-transcriptional splicing can be observed in total, nuclear, or nascent RNA-seq data by the saw-tooth pattern of repeatedly decreasing read density across introns in the 59 to 39 direction of transcription 7 (Fig. 1a) . While visually inspecting these data on a genome browser, we noticed several large introns that lacked internal annotated exons yet possessed saw-tooth patterns of read density suggestive of co-transcriptional splicing, including the introns from Ubx (Fig. 1b) , kuz, osp and fz that were previously shown to undergo recursive splicing. We hypothesized that such saw-tooth patterns could be indicative of recursive splicing, and therefore performed a genome-wide search for ratchet points supported by the RNA-seq data.
To identify potential zero nucleotide exon-type ratchet points, we parsed the RNA-seq alignments to identify novel splice junctions where the reads mapped to an annotated 59 splice site and an unannotated 39 splice site, and the genomic sequence at the 39 splice site junction was AG/GT (Extended Data Fig. 1a ). We also aligned the total RNA-seq data to a database of splice junctions between annotated exons and all potential ratchet points (AG/GT sequences) in the downstream intron that did not correspond to annotated 39 splice sites. We then identified ratchet point junctions where reads mapped without any mismatches, with at least three distinct offsets, and with an overhang of at least eight nucleotides (Extended Data Fig. 1b) . We then visually inspected each ratchet point independently identified by both methods on the genome browser, removing candidates that did not display an obvious saw-tooth pattern of read density or which clearly corresponded to an unannotated exon.
We identified a total of 197 ratchet points in 130 introns of 115 genes (Supplementary Table 2 ). Two of these ratchet points were missed by our computational approaches, but identified during the course of manual inspection on the browser, validated, and subsequently included in the remainder of these analyses. This provides the first experimental verification of 91 of the 160 ratchet points computationally predicted by ref. 2 based on comparative genomics (Supplementary Table 3 ). Of the 69 unverified ratchet points predicted by ref. 2, 34 correspond to previously unannotated exons, 23 lacked convincing saw-tooth patterns, 7 did not pass our recursive junction thresholds, and 5 could not be identified in the current assembly of the genome. Although it is difficult to conclude that these are not true ratchet points, we have not included them in our subsequent analysis as their supporting evidence is inconclusive. The other 106 (53.8%) of the ratchet points we identified are described here for the first time.
Most genes (100) contain only one recursively spliced intron, although 15 genes contain two. The number of ratchet points in an intron ranges from one to six (Extended Data Fig. 2a) . The recursively spliced introns range in size from 11,341 bp to 132,736 bp, with an average size of 45,164 bp. Recursive-splice-site-containing introns are enriched in large introns (97% of all introns are smaller than the smallest recursive intron), although not all large introns contain recursive splice sites (Extended Data Fig. 2b ). In fact, only 6% of introns larger than the smallest recursive intron are recursively spliced. The segments of the introns removed by recursive splicing range from 2,596 bp to 63,580 bp, with an average size of 17,953 bp (69,039 bp) and median size of 16,368 bp (Extended Data Fig. 2c ). The luna gene contains a 108-kb intron with five ratchet points, such that the intron is removed in six stepwise recursive splicing events (Fig. 1c) . The five ratchet points are supported by the saw-tooth pattern of read density across the intron, reads that map to the exon-ratchet point splice junctions (Fig. 1c) , and have been validated by RT-PCR and Sanger sequencing (Fig. 1d) . In total, RT-PCR and Sanger sequencing validated 24 ratchet points from 14 genes in Drosophila S2 cells (Extended Data Fig. 3 ).
Ratchet points are zero nucleotide exons, and therefore do not exist in the mRNA. However, direct evidence of recursive splicing can be obtained by identifying lariat introns-by-products of all splicing reactions that contain a 29-59 linkage between the first nucleotide of the intron and the branch point. Because reverse transcriptase can occasionally traverse the branch point, reads corresponding to the 59 splice site-branch-point junction may be present in the total RNA-seq data (Fig. 2a) . To identify putative recursive lariat introns, we generated a set of potential 59 splice site-branch-point junctions for all recursively spliced introns, and all possible permutations, and aligned the total RNA-seq reads to them (Methods). Although rare, we identified 46 reads that mapped uniquely to 27 recursive lariat introns in 20 genes (Supplementary Table 4 ). Directed RT-PCR and sequencing experiments independently verified 14 recursive lariats in 9 genes (Extended Data Table 1 ) for a total of 41 recursive lariat introns in 26 genes. Ten of the lariat introns detected correspond to the first segment of the recursive introns and are also supported by standard splice junction reads. However, the remaining lariat introns detected correspond to internal segments, further supporting the sequential nature of recursive splicing. For example, couch potato (cpo) contains an intron that is removed in three recursive splicing events involving two ratchet points. We obtained evidence for all three lariats from both the total RNA-seq data and directed RT-PCR sequencing experiments (Fig. 2b) . This analysis also identified the putative branch points used for these recursive splicing events. All but five of these branch points reside from 242 to 219 upstream of the 39 splice site with a peak at 229 (Fig. 2c) . Six of the 39 splice sites appear to use two different branch points. We observed that 81% have an A at the branch point, while 12%, 5% and 2% have a T, C, or G, respectively (Fig. 2d) .
The nucleotide sequences of ratchet points resemble juxtaposed 39 and 59 splice sites (Fig. 3a) , and the regions immediately flanking the ratchet points are much more highly conserved than those flanking non-ratchet point AG/GT sequences in the same introns (Fig. 3b) . However, the ratchet points have a more prominent pyrimidine tract, and a significantly (P # 0.0001) higher frequency of a TT dinucleotide at positions 25 and 26 relative to the 39 splice site when compared to introns genome-wide. Whereas only 43.76% (30,151 out of 68,898) of all introns have Ts at positions 25 and 26, 99.5% (196/197) of ratchet points do. The only ratchet point lacking a TT dinucleotide at positions 25 and 26 is in CG15360 which has a C at position 26 that is conserved in other Drosophila species. Notably, the majority of Caenorhabditis elegans 39 splice sites have this sequence 8 and it has been shown that the large U2AF subunit (encoded by U2af50 in Drosophila) interacts with these bases. Thus, the strong preference for the TT dinucleotide at positions 25 and 26 of Drosophila ratchet points could represent high affinity U2AF binding sites so that the ratchet points are efficiently recognized.
To test this hypothesis, we sequenced total RNA from untreated S2 cells as well as cells treated with double-stranded RNA (dsRNA) to knockdown expression of lariat debranching enzyme (ldbr) as a control, U2af38, U2af50, or both U2af38 and U2af50 (Extended Data Table 2 ). We observed ,20 recursive junction reads per million mapped reads that mapped to 119 and 100 distinct ratchet points in untreated controls and ldbr depleted cells, respectively (Fig. 3c) . Depletion of U2af38 or U2af50 alone reduced the frequency of recursive junction reads 3-4-fold (corresponding to 81 and 64 distinct ratchet points) (Fig. 3c) . Notably, depletion of both U2af38 and U2af50 resulted in a complete absence of detectable recursive junctions reads (Fig. 3c) , although similar fractions of non-recursive junction reads were observed in all samples (Fig. 3d) . Depletion of U2AF might have such a strong impact on recursive splicing-but not on non-recursive splicing-because recursive junction reads can only be generated from nascent RNA while non-recursive junction reads can be generated from stable mRNAs. Additionally, exon or intron definition may not be possible for zero nucleotide exons in Drosophila due to the combination of large introns and non-existent exons. This would eliminate many of the cooperative interactions normally involved in splice site recognition, making recursive splicing particularly sensitive to decreased U2AF levels. Although additional work will be required to fully elucidate the role for U2AF in recursive splicing, this result strongly suggests that U2AF is required for efficient recognition of ratchet points in S2 cells.
To determine whether recursive splicing is evolutionarily conserved, we generated rRNA-depleted, stranded RNA-seq data from Drosophila simulans, Drosophila sechellia, Drosophila yakuba, Drosophila pseudoobscura and Drosophila virilis adults (Extended Data Table 3 ). We aligned these data to the corresponding reference genomes and searched for splice junction reads whose 39 splice sites Drosophila. a, Schematic diagram of nascent pre-mRNA transcripts during co-transcriptional splicing and the corresponding read density that would be observed in total RNA-seq data. Note the saw-tooth pattern created by the 59 to 39 gradient of RNA-seq read density from the exon to the downstream ratchet point and splice site. b, Example of total RNA-seq data for the Ubx gene which is known to contain three recursive splice sites. Also shown are the splice junction reads supporting recursive splicing at each site. c, Example of five recursive splice sites identified in luna. Shown are the recursive junctions identified and the overall RNA-seq read density from all samples (blue). d, RT-PCR validation of the luna ratchet points (red dots) using primers in the upstream constitutive exon and flanking the putative ratchet points (UP). The RP primers are expected to yield RT-PCR products if the constitutive exon is spliced to the ratchet point. The URP primers, which are upstream of each ratchet point, serve as negative controls.
LETTER RESEARCH mapped to positions orthologous to the identified D. melanogaster ratchet points. Despite having two orders of magnitude fewer reads from these species, 131 of the 197 D. melanogaster ratchet points (66.5%) were identified in at least one of the five other Drosophila species, 69 of which were identified in at least two species (Extended Data Table 4 and Supplementary Table 5 ). Together, these observations demonstrate that the nucleotide sequence and function of ratchet points are conserved among Drosophila species, indicating that recursive splicing is evolutionarily conserved. We also searched for zero nucleotide exons in humans by generating and analysing .1.1 billion reads of total RNA data from 20 tissues (Extended Data Table 5 ). Our analysis pipeline identified 76 putative ratchet points, but upon further inspection all but five ratchet points in four genes were eliminated because they either lacked an obvious sawtooth pattern of read density or corresponded to unannotated exons. The five ratchet points that we identified in PDE4D, HS6ST3, CADM2 and ROBO2 (Supplementary Fig. 1 and Supplementary Table 6) were independently identified by an accompanying study 9 that also demonstrated that recursive splicing in humans involves recursive exons rather than true zero nucleotide exons as in Drosophila. This suggests that although recursive splicing occurs in both Drosophila and humans, the precise nature of recursive splicing differs between these organisms. Nonetheless, the presence of ratchet points in both Drosophila Hs6st and its human orthologue HS6ST3 indicates that recursive splicing is either very ancient or evolved independently.
The host genes containing recursively spliced introns are expressed in a broad spectrum of developmental time points, tissues and cell types-the recursive host genes are expressed at fragments per kb per million mapped reads (FPKM) .1 in 72%, 93% and 83% of cell lines, developmental time points, and tissues, respectively. However, host gene expression levels are quite dynamic throughout development and 63% have their peak expression in nervous system tissues (Fig. 4a) , consistent with Gene Ontology (GO) enrichments in development and neural functions (Supplementary Table 7) .
Several lines of evidence suggest that recursive splicing is constitutive-specifically, when the host gene is transcribed, it is recursively spliced. First, we have been unable to detect lariat introns that would be generated by ratchet point skipping or the direct splicing of the flanking constitutive exons without recursive splicing. In our directed RT-PCR experiments, we failed to amplify lariats generated by ratchet point skipping using primers that successfully amplified lariats from individual recursive segments in the same intron. We also were unable to identify skipping events in the total RNA-seq data, although we did identify lariats in non-recursive introns as large as 84,027 bp in our total RNA-seq data (data not shown). Second, we calculated a recursive index for each ratchet point (the number of ratchet point junction reads/mapped reads) and observed generally strong correlations between the recursive index and the gene expression level for most genes (Fig. 4b ). For example, there is a strong positive correlation between gene expression and recursive splicing for all four ratchet points in the Antennapedia (Antp) gene (Fig. 4c) . The correlation between gene expression and recursive splicing is strongest among the tissue samples and weakest among the cell lines, which have the highest and lowest number of mapped reads, respectively (Extended Data Fig. 4 ), indicating that low correlation is related to sequencing depth. Together, these results strongly suggest that recursive splicing is constitutive, although it remains possible that regulated or alternative ratchet points may be identified in the future. Recent studies have demonstrated strong associations between chromatin marks and particular features of gene architecture, including intron-exon boundaries. Of particular note, H3K4me3 (ref. 10), H3K79me2 (ref. 11) and H3K36me3 (ref. 12) have been shown to specifically transition near intron-exon boundaries in humans. We inspected ChIP-seq data obtained from whole larvae to determine whether any chromatin marks are associated with ratchet points (Extended Data Fig. 5) . None of the chromatin marks we examined is specifically associated with ratchet points, yet the recursive splice sites are associated with chromatin marks that would be expected given their position relative to canonical exons.
Here we provide experimental evidence that 130 Drosophila introns, 26 times the number previously known, are removed in multiple, sequential steps by recursive splicing, rather than by a single splicing event. We also identified five ratchet points in four human genes, including one case of orthologous Drosophila and human genes, indicating that recursive splicing evolved long ago. We do note, however, that recursive splicing in Drosophila involves true zero nucleotide exons but that an accompanying paper 9 has demonstrated that recursive splicing in humans involves recursive exons, pointing to mechanistic and perhaps functional differences in this process between flies and humans. The ratchet points involved in recursive splicing are highly conserved and share sequence similarity with one another. While recursive splicing clearly occurs in Drosophila, its function and mechanism remain elusive, although we provide evidence that U2AF is required for recursive splicing. It also remains unknown why some Drosophila introns are recursively spliced and others are not. Further investigation will be necessary to determine whether recursive splicing is required for the function of the host gene in Drosophila and how the upstream exons re-engage in subsequent splicing reactions.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. AGTTCTTCAACCAACAGATGCATTTAGTTGGGCTCGCCCAGGCGGCC  GGCAGTCCCGTCTTGGCATGCCAAATTAACTTGGACAAAAACTTTGCT  TTCCTCGAATTCCGATCGATTGATGAAACCACCCAGGCCATGGCATT  CGATGGCATCAATTTGAAGGGGCAGAGCTTAAAGATTAGGCGTCCGC  ACGATTACCAGCCCATGCCGGGTATAACAGATACGCCGGCAATTAAG  CCCGCTGTTGTTTCCAGTGGAGTTATTTCGACAGTGGTTCCGGACTCG  CCTCACAAAATCTTCATCGGAGGTCTACCAAACTATCTGAATGACGAT  CAGGTTAAGGAACTGCTTTTGTCGTTTGGCAAGCTACGAGCCTTCAAC  CTGGTTAAGGATGCCGCTACTGGGTTGAGTAAGGGTTATGCTTTCTG  TGAATATGTCGATCTTAGCATCACAG) . RNA sequencing. Total RNA-seq libraries were prepared using Illumina TruSeq Stranded Total RNA Sample Prep Kits as described by the manufacturer. Libraries were quantified by analysis on an Agilent Bioanalyzer or TapeStation and sequenced on an Illumina HiSeq2000 to generate paired-end 100 bp reads or an Illumina NextSeq500 to generate paired-end 76 bp reads (for the RNAi experiments). yakuba (droYak2), D. pseudoobscura (dp4) and D. virilis (droVir3) genomes, respectively, using the same method and parameters, but without a reference transcriptome annotation. The human RNA-seq data sets were aligned to hg19 using the same method and parameters and Gencode v19 as a reference annotation. Parsing TopHat alignments to identify ratchet points. We identified sets of novel splice junctions from the TopHat alignments which share the same 59 splice site. Ratchet point junctions were kept from a sample if the 39 splice site of the junction is an AG/GT, the 39 splice site was unannotated in the previous modENCODE annotation 5 , and the distance to the previous splice junction and the next splice junction is longer than 2 kb. De novo identification of ratchet points. We generated a set of potential ratchet point junctions by joining 95 nt of each exon to the 95 nt downstream of every unannotated 39 splice site (AG/GT) in the downstream intron. We aligned reads 1 and 2 of the total RNA reads independently to the database of all possible ratchet point junctions using Bowtie 14 version 0.12.7 with the following options: -v 2 -k 5 -M 5-best. As the paired-end reads were aligned separately, post-processing was used to enforce constraints on gene-strand and alignment-strand that are a consequence of the stranded protocol. For each potential ratchet-point junction, we tabulated the coordinates of the genomic regions that comprise the ratchet-point junction sequences, the intron(s) and gene(s) the ratchet site is derived from, the number of alignments to the ratchet-point junction, the average number of mismatches per alignment, detailed offset and mismatch information, the alignment offset entropy 5 , and the number of distinct offsets for only perfect alignments with $8 nt overhang. This latter parameter is intended to be a robust and conservative measure of alignment diversity. Ratchet points contained in introns that overlap no other distinct introns or any exons were filtered to require $3 perfect alignments to three distinct offsets and overhang $8 (or two perfect alignments to two distinct offsets and overhang $8 and $10 general alignments with #2 mismatch and overhang $5). Ratchet points in introns that do overlap other introns or exons were filtered using slightly more restrictive criteria and required at least five zeromismatch ratchet-junction alignments with distinct offsets. Verification of potential ratchet points. We next compared the lists of potential ratchet points individually identified by analysis of the TopHat alignments and by alignment to all potential ratchet point junctions. This resulted in a list of 356 potential ratchet points that were then individually examined on the genome browser to verify their identity. To facilitate this analysis we merged the bedGraphs from all of the TopHat alignments into one positive-and one negative-strand-specific bedGraph file. For each intron containing potential ratchet points, we calculated a robust linear regression of the read density of each segment of the recursive introns from the merged bedGraph profile using the robustfit function of MATLAB. This required masking out repeatMasker regions and overlapping annotated features, both of which confound the regression process, and calculating the robust regression lines based on the remaining unmasked portions of the recursive segment. We used MATLAB to generate a 'flip-book' of browserlike images of each potential recursive intron with bedGraph and local robust regression plots superimposed to aid in the manual inspection of each ratchet point for verification.
The merged bedGraphs were loaded into the genome browser along with tracks of all 356 potential ratchet point splice junctions. In addition, we loaded the FlyBase 5.45 annotation, which was the most recent version of FlyBase at the time of this analysis, as well as the most recent modENCODE annotation (MDv3) 6 to identify ratchet points that corresponded to exons identified more recently than the modENCODE annotation (MDv1) 5 used to seed the alignments. Finally, we loaded in the modENCODE CAGE data 6 to assess whether any potential ratchet points corresponded to previously unannotated promoters, which could also give rise to a saw-tooth pattern of RNA-seq read density. Potential ratchet points were removed if the 39 ratchet point junction corresponded to an annotated exon, or if the saw-tooth pattern of read density was not apparent on the browser or from the local robust regression plots. During the course of this manual inspection we identified two ratchet points in luna and mbl that were not identified in this computational analysis. Both of these were present in introns that contained other computationally identified ratchet points. We identified these based on their strong pattern of saw-tooth read density in both the browser and the local robust regression plots and the fact that they had conserved AG/GT sequences at the ratchet point junctions. These were missed in the computational analysis because they did not pass the stringent filters used. Both of these were experimentally validated and included in the analysis of all ratchet points. In total, the final list of ratchet points consists of 197 ratchet points (Supplementary Table 2 ). The same approach was used to manually review the putative ratchet points identified in the human RNA-seq data. Validation of recursive splice sites by RT-PCR. 500 ng of total RNA isolated from S2 cells with TRIzol was used to synthesize cDNA using SuperScript II Reverse Transcriptase (RT) kits according to the manufacturer's protocol. PCR amplification was performed using Phusion High-Fidelity DNA Polymerase (NEB) according to the manufacturer's instructions using specific primers with the following amplification program: 98 uC for 3 min, followed by 40 cycles 98 uC for 10 s, 55 uC for 30 s, and 72 uC for 20 s. Ratchet points were first confirmed by gel electrophoresis followed by Sanger sequencing. Validation of recursive splice sites by cross-species RNA sequencing. The coordinates of the D. melanogaster ratchet points, and 50 nt on either side, were lifted over to the D. simulans (droSim1), D. sechellia (droSec1), D. yakuba (droYak2), D. pseudoobscura (dp4) and D. virilis (droVir3) genomes using the UCSC liftover tool on galaxy. The TopHat alignments of the D. simulans, D. sechellia, D. yakuba, D. pseudoobscura and D. virilis were searched for splice junction reads whose 39end mapped within the lifted over coordinates and which had an AG/GT at the recursive junction. Identification of recursive lariat introns and branch-point analysis. To generate potential junctions between the 59 splice site and branch points of intron lariats, we used a custom perl script called build_branchpoint_junctions.pl to fuse RESEARCH LETTER the last 94 nt of an intron to the first 94 nt of the intron. We used 94 nt of each portion of the intron to enforce a minimum of a 6-nt overhang when aligning 100-nt reads. Because the precise location of the branch points are not known ahead of time, and because a previous study in human has shown that most known branch points occur between 18 and 35 nt upstream of the 39 splice site 15 , we generated 100 possible lariat junctions by sliding a window of the 39 end of the intron in the 59 direction at 1-nt intervals, and fusing each to the first 94 nt of the intron. We generated the potential lariat junction databases for each segment of all recursive introns, as well as all possible permutations of these segments. For example, for an intron with two ratchet points, we generated potential lariat junctions for the first, second and third recursive segments as well as the introns from the first 59 splice site to the second ratchet point (segments 1 and 2), from the 59 splice site of the first ratchet point to the last 39 splice site (segments 2 and 3), and from the first 59 splice site to the last 39 splice site (segments 1, 2 and 3). Bowtie 14 version 0.12.7 was used to generate an index of the potential recursive lariat junctions and to align all of the total RNA-seq reads, where each mate pair was aligned separately, with the following parameters: -v 2 -p 8-all -quiet. In total, 72,712 alignments were reported. These were then filtered for reads that mapped uniquely to the lariat junction database, then sorted by the number of nucleotides overlapping the lariat junction. Randomly selected reads with various extents of overlap were aligned to the D. melanogaster genome using BLAT to determine whether or not they mapped elsewhere in the genome. From this we determined that all reads that overlapped the lariat junction with fewer than 14 nt also aligned elsewhere in the genome. We therefore used BLAT to align all reads reported from the Bowtie alignment and discarded those which mapped elsewhere resulting in a total of 46 reads. We identified the approximate locations of the branch points based on the coordinates of the 94-nt segment of the 39 end of the intron that the reads aligned to. Validation of recursive lariats. Thirty-eight recursively spliced genes were selected for lariat analysis, choosing genes that were highly expressed in the nervous system. These genes contain 95 distinct segments corresponding to 52 ratchet points. To detect splice lariats for these ratchet points, 'outward-facing' PCR primer pairs were designed to amplify through branch points. The PCR primers contained overhangs so that Illumina clustering, indexing and sequencing oligonucleotides could be added in a subsequent nested PCR. The same primers designed for ratchet point lariat amplification were also used in different combinations to attempt to amplify the branch-point lariats that would be generated by skipping one or more ratchet points.
Total RNA was extracted from whole D. melanogaster (Bloomington Drosophila Stock Center strain no. 2057) using TRIzol reagent (Invitrogen, Grand Island, NY), followed by cDNA synthesis using Superscript II (Invitrogen) primed with random hexamers. The primer pairs described above were used for the first-round PCR, after which products were visualized on an agarose gel. For 13 genes, no product was detected for any of the sub-introns targeted and these genes were not analysed further. For the other 25 genes, which contained a total of 64 sub-introns, we obtained a PCR product for at least one subintron. For these 25 genes we also used the primers in combinations to amplify any potential lariats created if splicing skipped ratchet points in a total of 41 combinations. Regardless of whether or not a product was visualized we prepared sequencing libraries from all reactions in an effort to capture any low-level amplicons. Nested PCR was performed to add the Illumina sequencing oligonucleotides to the first-round PCR products. The amplicon libraries were pooled, purified and size selected to select amplicons between 300 to 1,000 bases in length. The pooled amplicon library was then sequenced on an Illumina MiSeq using a V3, 600-cycle kit to produce 200 by 400 bp paired-end reads.
Reads were filtered to remove mis-primed sequences and then aligned to the target genes using BLAT. Mapped reads were manually reviewed on the genome browser and a lariat considered to be 'confirmed' if a portion of a read aligned precisely to the 59 splice site (ratchet point or exon) and to a second region within 100 bp upstream of the 39 splice site (ratchet point or exon) in a continuous manner. This analysis confirmed 14 of the 64 recursive segments examined. Importantly, none of the primer combinations used to detect ratchet point skipping yielded any reads corresponding to a lariat. The few sequence reads that were obtained for these controls were PCR artefacts that primarily contained Illumina sequencing oligonucleotides and had no homology to the target genes. Sequence logos were generated with WebLogo 16 .
Comparison of gene expression and recursive splicing. The total number of reads mapping to each ratchet point junction was tabulated for each library and then summed across biological and/or technical replicates for each biological sample. The recursive index was calculated as the number of ratchet point junction reads per mapped reads per billion reads ((ratchet point junction reads/mapped reads) 3 1,000,000,000). The RNA-seq data generated for this study is from total RNA, a mixture of mRNA, nascent RNA and pre-mRNA. Owing to the complexity of RNA types and intronic reads it is difficult to accurately quantify gene expression levels when using most existing software. We therefore used the expression values calculated from the corresponding poly(A)
1 RNA-seq data that was previously generated 5,6 from the same RNA samples. Comparisons of the recursive index and gene expression levels were performed using R (http:// www.r-project.org). GO analysis was performed using Funcassociate 2.0 (ref. 17) . Analysis of chromatin marks. Visualizations of chromatin marks at recursively spliced genes were generated using custom R scripts (http://www.r-project.org). We obtained ChIP-seq scores (http://encode-x.med.harvard.edu/data_sets/chromatin/) and Affymetrix tiling array gene expression scores (http://intermine.modencode.org/) generated from L3 larvae via the modENCODE projects. For each feature of gene architecture illustrated, mean ChIP-seq scores were calculated for non-overlapping bins of 200 bp in length.
As expected, transcription-associated marks were specific to genes actively transcribed in larvae (Supplementary Fig. 5b ). At these active genes, we observed low levels of H3K4me3 near recursive splice sites compared to first exons ( Supplementary Fig. 5b ), which suggests that the saw-tooth patterns observed by total RNA-seq were not due to cryptic transcription initiation or unannotated promoters, but rather, co-transcriptional splicing. We also observed lower levels of H3K36me3 near recursive splice sites compared to downstream exons ( Supplementary Fig. 5b ). Since the degree of H3K36me3 has been shown to increase with each internal exon in humans 18 , the low levels of H3K36me3 seen at recursive splice sites may reflect the fact that recursive splices are typically located in 59 introns, and thus, preceded by few internal exons ( Supplementary  Fig. 5c ). Indeed, recursive splice sites were associated with high levels of H3K79me2 exons, which is typical of long 59 introns in humans sites. a, Identification of recursive splice sites by parsing alignments. RNA-seq reads were mapped to the genome using TopHat in a manner that allowed for novel splice junctions to be predicted. The alignments were then parsed for splice junction reads where the 59 splice site mapped to an annotated 59 splice site, but the 39 splice site was unannotated. b, De novo identification of recursive splice sites. A database was generated in which each annotated 59 splice site was spliced to all AG/GT sequences in an intron that did not correspond to an annotated 39 splice site. All RNA-seq reads were aligned to this database and the alignments parsed to find cases where reads mapped perfectly with at least three distinct offsets and at least an 8 nt overhang.
